The nano-bio interface generated by integrating semiconductor nanomaterials with living cells could serve as a platform for facilitating energy and signal transfer between non-living materials and living systems for applications in energy and the life sciences. This review presents recent advances in one-dimensional nanomaterial-biosystem interfaces and applications from chemical conversion and energy production to electrophysiology. First, we introduce representative types of nanowire-biosystem interfaces and their design principles. Second, we present nanomaterial-bacteria hybrids for solar-to-chemical CO 2 reduction. Third, we introduce nano-bio hybrid electrodes for energy production, especially for biofuel cells. Fourth, we present semiconductor nanowire-embedded nanoelectronics interfaced with living cells and tissue for electrophysiological signal recordings. Last, we provide a brief summary of the progress on energy and signal transfer at the nano-bio interface, as well as our perspectives on the challenges and future directions in this interesting field.
INTRODUCTION
Human civilization relies heavily on the development of both sustainable energy and biology and medicine. Although inorganic materials or living organisms can be used independently in the field of energy and biology, inorganic-biological hybrid systems could combine the strengths of both non-living materials and living organisms. Moreover, because many chemical reactions and biological functions occur at nanoscale, studying the nanowire-biosystem interface is particularly useful for understanding the underlying chemical and physiological processes, and could open up new vistas for more efficient energy production and conversion, physiological diagnostics, and therapeutics. Here, three representative fields, namely solar-to-chemical CO 2 reduction, biofuel-to-electricity-induced energy production, and electrophysiology, are introduced to stimulate the design of nanoscale inorganic-biological hybrid systems. In the field of photosynthetic CO 2 reduction, a limited number of enzymes isolated from biological system can absorb light and catalyze CO 2 into a single chemical product with high selectivity and low energy barriers, but this process is only 0.5%-2.0% efficient. The efficiency of nanoscale inorganic semiconductor photovoltaics can reach up to $20%, but the selectivity and purity of the chemical products from CO 2 reduction is low. 1 Thus, a nanoscale inorganic-biological hybrid system that combines the high solar-to-energy efficiency of inorganic semiconductor material as a broadband light harvester and the high-selectivity chemical production ability of living organisms would be promising for artificial photosynthetic CO 2 reduction. In the field of biofuel-to-electricityinduced energy production, electricity-generating bacteria can oxidize organic
The Bigger Picture
Interfacing nanoscale semiconductor and biological systems is an emerging interdisciplinary field of science and technology bridging chemistry, biology, physics, and many areas of energy, environment, and medicine. For example, combining the strengths of high solar-to-energy efficiency semiconductor materials and living organisms capable of metabolic fuel production would be promising for artificial photosynthetic CO 2 reduction. Merging nanowire-embedded nanoelectronics with living cells and tissue would open up the field of nano-bioelectronics to map the signals and activity in the brain with high spatiotemporal resolution. In this review, we summarize recent advances in nanowire-biosystem interfaces and applications from chemical conversion and energy production to electrophysiology and future prospects in the areas of nano-bioenergy and nanobioelectronics.
matter and produce current, which is environmentally benign but has low power density and efficiency. To address this issue, incorporating conductive one-dimensional (1D) nanowire (NW) or nanotube networks with bacteria could greatly enhance electron transfer from the bacteria to inorganic electrodes, which significantly improves the electrochemical performance, including the capacity, rate performance, cycling stability, and so on. In the field of electrophysiology, electrocardiography and electroencephalography are widely used for heart and brain examinations and diagnosis. However, realizing high spatial and temporal resolution in cellular recordings simultaneously is not feasible with these techniques. One of the smallest inorganic signal-processing units, the NW-based field-effect transistor (FET), has the potential to allow extra-and intracellular recordings with high spatiotemporal resolution.
In this review, we focus on the NW-biosystem interface as a platform where energy and signal are transferred between inorganic nanomaterials and living organisms ( Figure 1 ). Regarding energy transfer, in a photosynthetic biohybrid system (PBS), solar energy is absorbed by semiconductor nanomaterials and the electrons generated are transferred to catalytic bacteria for artificial photosynthesis; in reverse, the electrical energy generated by chemical-consuming-bacteria can be transferred to inorganic nanostructured electrodes as microbial biofuel cells (MFCs). Regarding signal transfer, electrical signals propagated between cells and tissue in living organisms can be captured and then coupled to nanomaterial-embedded electronic devices via a nanoscale FET, which is crucial for fundamental biophysical research as well as medical monitoring and intervention. We summarize the recent progress in energy and signal transfer at the NW-biosystem interface, especially the 1D nanostructure-biosystem interface, and provide some understanding on combining the strengths of both non-living materials and living organisms. Because of the similar characteristics of various 1D nanostructures with different aspect ratios and inner structures, such as NWs, nanofibers, nanoribbons, nanobelts, nanorods, and nanotubes, they have been classified as NWs in this review for simplicity.
The construction of an NW-biosystem interface requires (1) synthesis of diverse NW building blocks, (2) culture or dissection of living cells or tissues, and (3) final integration of functional NW-biological systems. In the next section, we first emphasize the design principles of NW-biosystem interfaces and introduce representative cases based on basic and complex NWs. Then, we review the integration of nano-bio systems for detailed applications in the following sections.
TOPOLOGICALLY DESIGNED NANOWIRES FOR NANOWIRE-BIOSYSTEM INTERFACES
The interface between a NW and a biosystem is a significant issue across broad areas of science and technology and attracts many researchers and ideas from materials (1) artificial photosynthetic biohybrid system (PBS) for chemical conversion, (2) microbial fuel cell (MFC) for energy production, and (3) nanoscale field-effect transistor (FET) for high-resolution electrophysiological signal recordings. Nanowires are blue and cells are green in the schematic.
science, biology, chemistry, energy, and electronics. Many efforts have been devoted to this issue in this decade, and various NW topology optimization tactics for NW-biosystem interfaces have been developed, including surface modification, morphology control, and array design. These tactics include, but are not limited to, enhancement of selective capture ability of biological targets, biosystem adhesion and/or seal resistance of NW-biosystems, to improve the performance and practicality of the hybrid system. In this section, we begin with basic NWs with obvious superiority for various biological applications over bulk materials, followed by a summary of diverse complex NWs with improved hybrid system properties or special functions for biological applications.
Basic Nanowires for Nanowire-Biosystem Interfaces NWs exhibit obvious superiority for various biological applications over bulk materials because of their nanoscale size and morphology tunability. The small size, high specific surface area, and 1D structure of NWs often lead to close contact with biosystems and long-range signal transfer. NWs can be mainly discussed on the basis of the following four aspects: thickness, length, shape, and arrangement. In general, various NWs can be synthesized via bottom-up or top-down approaches. [2] [3] [4] The bottom-up strategy focuses on building or assembling NWs from atomic or molecular components, such as gas-phase growth and solution-phase routes. The topdown approach seeks to fabricate NWs directly by using increasingly high-resolution lithography, etching, depositing, and 3D printing. Requirements for NW morphology and arrangement vary dramatically for different applications. For small-size biosystems, the characteristics of an ideal NW-based device should include (1) comparable thickness and length for accessible contact with biosystems and compatible interface formation, (2) high signal fidelity and sensitivity, and (3) the capability to realize multiscale signal capturing at either single biosystem or mass level. Size-tunable basic NWs with straight and homogeneous shape are suitable for efficient small-size biosystem adhesion or behavior recording.
By recording the contacts at NW-biosystem interfaces, basic NWs and their arrays can be utilized to reveal the biosystem evolution, behavior, and physiology at different dimensions. On the one hand, the small size of NWs can match well with micro-or nanoscale cells to achieve recording of biosystem behavior. Jeong et al. 5 presented direct evidence that Shewanella oneidensis MR-1 can recognize nanoscale structures by utilizing a well-defined silicon NW array platform and single-cell imaging ( Figure 2A ). Accordingly, bacterial swimming patterns and initial attachment locations are strongly affected by the presence of NWs on a surface. Further analysis of bacterial trajectories indicated that nanoscale topography can influence bacterial movement and attachment behavior and play a significant role in the biofilm formation. They also found that, compared with a single NW, a NW array better recorded the interactions of NW/bacteria at the single-cell level. The surface of NWs can be further functionalized in simple forms by different chemicals. These results demonstrate the immense significance of basic NW-bio interfaces, and that homogeneous NWs and their arrays are appropriate for small-size biosystems. On the other hand, NWs with high specific surface area also possess wide potential. Abundant surface sites of NWs can gather and record more data and signals. Cui et al. 6 reported a series of surface-functionalized NWs as highly sensitive, realtime electrically based sensors for many biological and chemical species. They found that the small size and capability of these NWs can greatly increase recording sensitivity and achieve array-based screening and in vivo diagnostics. Patolsky et al. 7 also
reported NW-based FETs with high selectivity for direct and real-time electrical detection of single virus particles ( Figure 2B ). The multiple surface sites of NW arrays modified with antibodies specific for viruses enable rapid identification. NWs offer new and sometimes unique opportunities to fabricate novel biosensors. 8 NWs represent outstanding primary transducers for recording signals that eventually interface to macroscopic instruments. Over the decade, the design of NW-biosystem interfaces with straight and homogeneous basic NWs has led to many advances that may allow for direct, fast, accurate, and multiscale analysis of biological species and cellular activities. But, further development of these basic NW-biosystem devices beyond the prototype stage lie not only in delicate NW-based device integration but also in detailed insights into the biochemical mechanisms between NWs and biosystems.
Complex Nanowires for Nanowire-Biosystem Interfaces Basic NWs and their devices need to be structurally modified for stronger biosystem adhesion and seal resistance, leading to a more compatible NW-biosystem interface. Utilization of complex NWs with specific morphology and multiple sites holds the key to unlocking the potential of NW-based devices. Toward improving cell adhesion, Kong et al. 13 demonstrated a bio-inspired antenna-like nanocube-terminated NW array as a unique platform that can recognize 3D signal molecules and can be used for biosensing. Living-cell adhesion and in situ cultivation on this NW array, which integrates with sensitive electrochemical recording of cellular activity in real time, are realized by rational incorporation between Prussian blue nanocube heads and TiO 2 NW arms. Optimization of NW topology for more efficient biosystem capture has also attracted interest. Zhang et al. 9 fabricated a hierarchical assembled indium-tin-oxide NW array with both horizontal and vertical NW branches for the capture of cancer cells ( Figure 2C ). The introduction of horizontal and vertical nanowire branches greatly enhances the topographical interactions between cancer cells and branchy NWs, which match better with cell filopodia and provide more binding sites than basic NWs. This work opens up a new avenue for rational design of NWbiosystem interfaces for advanced biological applications. Increasing the sealing resistance to enhance the intensity of signals is another goal for NW topology optimization. Hai et al. 10 reported a method of ''intracellular recording'' that induces positive engulfment of Aplysia californica neurons in prominent microelectrodes, providing subthreshold synapses and action potentials that match the signal-tonoise ratio of traditional intracellular recordings. They cultured a neuron on a micrometer-size mushroom-shaped spine-like NW array ( Figure 2D ). The unique NW shape promotes tight connection with the cell membrane, increases the sealing resistance, and enhances the electrical coupling between the cells and the functionalized gold-spine electrodes. The implementation of this approach may open up new prospects for neuroscience and biomedical applications.
Complex NWs also realize other functions. For intracellular recording, Tian et al.
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designed a unique kinked nanowire (KNW) probe by surface modification with unilamellar vesicles of phospholipid bilayers ( Figure 2E ). They monitored the potential change in a phospholipid-modified KNW-based probe when an isolated HL-1 cell was moved into contact and then away from the KNW with a glass micropipette. A sharp potential drop was recorded after cell-to-tip contact, and the potential returned to the original level when the cell was detached from the probe end. For another probe without surface modification, no additional potential changes were observed as the HL-1 cell was brought into contact and then retracted. Furthermore, Xu et al. 14 designed and fabricated three types of functional KNWs, including U-shaped structures, V-shaped structures, and W-shaped multiplexed KNWs. In their work, the angle and number of kinks can be tuned during NW growth. The U-shaped 3D KNWs reduce the entire probe cross-sectional area and provide a better choice for applications that require deep insertion into cells. More interestingly, cellular force monitoring can be realized on KNWs. Zimmerman et al. 12 showed that label-free KNWs as inter-and intracellular force probes can be internalized in multiple cell lines, forming robust cytoskeletal interfaces ( Figure 2F ). These significant results indicate that the shapes and surfaces of NWs featuring high biocompatibility hold great significance for assisting entry to intracellular regions through cell membrane fusion. The facile design and bottom-up synthesis of these KNWs and devices greatly promote the development of life science.
In summary, the dimension, geometry, and composition of NWs can be tuned in high resolution for different biological applications. [2] [3] [4] The above-mentioned basic and geometry-modulated NWs can serve as diverse functional nanoscale building blocks for interfacing with biological systems for various applications as reviewed in the following sections.
NANOMATERIAL-BACTERIA HYBRIDS FOR CHEMICAL CONVERSION
Compared with chemical catalysts, photosynthetic organisms present near 100% selectivity for CO 2 reduction into useful fuels; however, the solar-to-energy efficiency of this process is extremely low. 1 On the other hand, solar energy conversion efficiency approaching 20% has been realized in inorganic semiconductor light harvesters. Despite this achievement, the abiotic electrochemical reduction of carbon dioxide is hindered by high cost, poor stability of cathodes, a sluggish CO 2 reduction process, and non-specificity of the products produced. A hybrid system that integrates highly selective biological catalysts and high-efficiency light harvesters would be viable for reducing CO 2 with efficiencies exceeding either biotic or abiotic CO 2 reduction. 15 Recent studies have focused on designing biocompatible nanomaterial-bacteria hybrids referred to as PBSs for chemical conversion. Gram-negative facultative bacteria including Shewanella oneidensis MR-1 and acetogenic Sporomusa ovata have been well documented for easy formation of biofilms and microbial electrosynthesis. 16, 17 For instance, S. oneidensis MR-1 undergoes indirect extracellular electron transfer by using electron shuttles to produce electricity with lactate as an electron donor, whereas S. ovata accepts electrons from graphite electrodes to reduce CO 2 into acetate and other useful fuels.
Nanostructured materials, especially NWs, are promising for nanomaterial-bacteria hybrid systems because of their desirable properties, such as large surface area, mechanical flexibility, comparable nanoscale dimensions with bacteria cells, and interfacial biocompatibility. Importantly, NWs could provide an avenue for studying the interactions between nanomaterials and bacteria in hybrid systems. For example, utilizing real-time optical imaging and mathematical modeling techniques, Yang and co-workers successfully showed that S. oneidensis MR-1 bacteria exhibit preferential attachment and perfect alignment to Si NW arrays. 5 In a subsequent work, Yang and co-workers further demonstrated that the orientation of bacteria attachment to NW arrays is affected by several factors, including temperature, pH, pressure, etc., and that the growth of S. ovata cells on vertical Si NW arrays can be controlled by simple changes in ionic concentrations. 18 PBSs can be divided into two categories: integrated PBSs and distributed PBSs. In integrated PBSs, the bacteria are directly in contact with the inorganic light harvester and hence, the mechanism of electron transfer involves a one-step transfer of e À from the light harvester to the biological component for CO 2 reduction. On the other hand, distributed PBSs are characterized by discrete steps where molecular reducing equivalents first produced via light harvesting are used to reduce CO 2 to derive useful fuels such as methane. 19 This section of the review covers some of the major advances in the field of PBSs via these two approaches as well as the possible electron-transfer process.
Integrated Photosynthetic Biohybrid Systems
Biocatalysts allow the reduction of CO 2 into biosynthetic intermediates, which act as building blocks for producing fuel; however, these bacteria do not function properly when exposed to oxygen and hence cannot be utilized to reduce CO 2 sources containing oxygen. To circumvent this problem, Yang and co-workers developed a biocompatible nanomaterial-bacteria hybrid by interfacing Si NW arrays with S. ovata bacteria for the reduction of CO 2 under mild conditions ( Figure 3A ). 20 The Si NWs synthesized through reactive-ion etching of single crystalline Si wafers perform several functions for the successful reduction of CO 2 to produce acetate under aerobic conditions. First, they serve as a light harvester and generate reducing equivalents for CO 2 reduction. Second, the NW morphology not only provides a large surface area for interfacing the S. ovata microbes, it also creates an anaerobic environment that is beneficial for CO 2 reduction under aerobic conditions. The cross-sectional scanning electron microscopy (SEM) images of the biohybrid system displayed in Figure 3B show that the S. ovata bacteria and the Si NWs are interconnected in a 3D network. Importantly, higher-magnification SEM images (Figures 3C and 3D) show that the bacteria are uniformly deposited on the Si NWs without impeding pathways for mass transport. The NW-bacteria biohybrid system is characterized by a low overpotential, a high faradic efficiency of 90%, and long-term stability up to 200 hr. One major advantage of the biohybrid system is that it allows CO 2 reduction to produce acetate in aerobic conditions. The production of acetate with S. ovata bacteria occurs through the Wood-Ljungdahl pathway. Specifically, acetic acid is produced with a faradic efficiency of 70% when the NW arrays are loaded with Pt catalysts ( Figure 3E ). Remarkably, the acetate produced can be activated in the presence of Escherichia coli to obtain the biosynthetic intermediate acetyl-CoA, which serves as a building block for the biosynthesis of complex molecules. This biohybrid system differs from conventional microbial electrosynthesis because it permits interactions between the bacteria and light harvesters in a single solid-state device. The efficiency of an integrated Si NW-based system for direct solar water splitting can further be augmented by utilizing two light-absorbing materials in a ''Z-scheme'' system. Using two light-absorbing materials, such as Si and TiO 2 as the photocathode and photoanode, respectively, would allow the capture of photons with lower energy and the separate generation of O 2 and H 2 , respectively. Attributable to a unique nanotree core-shell heterostructured morphology, an Si/TiO 2 photoelectrode loaded with co-catalysts mimics the photosynthetic process in chloroplasts and exhibits efficient water splitting with a high solar-to-fuel conversion efficiency of 0.12%. 21 The chemical synthesis of light-absorbing semiconductors as well as their successful integration into biotic systems is impeded by several challenges such as high-purity reagents, complex microfabrication techniques, extreme synthesis temperatures, and compatibility issues with bacteria. To address these shortcomings, self-photosynthesizing non-photosynthetic microorganisms could be used to induce the precipitation of light-absorbing semiconductor nanomaterials from both photosynthetic and non-photosynthetic organisms. This route allows the formation of a biocompatible nanomaterial under mild conditions. Moorella thermoacetica, an acetogenic and electrotrophic bacterium allows the precipitation of CdS nanoparticles in the presence of Cd 2+ and cysteine (Cys) ( Figure 4A ). 22 The precipitated CdS serves as a light harvester in the biohybrid system, providing electrons for photosynthesis. As depicted in the pathway diagram for CO 2 reduction in the M. thermoacetica-CdS biohybrid system ( Figure 4B ), the photogenerated electron produced from the absorption of photons generates a reducing equivalent, which is utilized in the Wood-Ljungdahl pathway to produce acetate from CO 2 with high selectivity. By carefully removing one or two of M. thermoacetica, CdS, or visible sunlight in control experiments, artificial photosynthesis in the biohybrid system was confirmed and the importance of light to maintain the viability of the M. thermoacetica-CdS biohybrid system was demonstrated ( Figure 4C ). A high maximum yield (90%) of acetic acid is produced by the biohybrid system in visible light in comparison with the poor or 0% production rates in the control samples. It is generally assumed that electron transfer in nanomaterial-bacteria hybrids for chemical conversion involves hydrogenase-dependent hydrogen shuttling followed by uptake into the Wood-Ljungdahl pathway, although the exact mechanism is poorly understood. 23 Compared with solid electrode systems, the M. thermoacetica-CdS PBS, which is a translucent colloidal suspension, offers a perfect platform for studying the pathways underlying CO 2 reduction into acetate by using spectroscopic techniques. Utilizing transient absorption and time-resolved infrared spectroscopy, Kornienko et al. 24 showed that e À transfer in the M. thermoacetica-CdS system follows a two-pathway mechanism depending on the absence or presence of hydrogenase. The non-hydrogenase-mediated pathway, which occurs during the first 3 hr of photosynthesis, is not efficient in reducing CO 2 into acetate because it is characterized by slow charge-transfer kinetics resulting in the recombination of holes and electrons and the non-existence of reducing equivalents such as H 2 and NAD(P)H. In contrast, the presence of hydrogenase drives the charge-transfer kinetics of e À to a membrane-bound hydrogenase, generating molecular H 2 in the process. Sufficient amounts of H 2 molecular equivalents accumulate in 24 hr and enter the Wood-Ljungdahl pathway by being oxidized by the HydABC complex to generate reducing equivalents for CO 2 reduction ( Figure 4D ). This work showed that the photosynthetic reduction of CO 2 to acetate is driven by an increasing rate of hydrogenase enzyme activity.
However, there is a drawback to the M. thermoacetica-CdS biohybrid system because cysteine functions as a sacrificial chemical quencher for the generated hole, resulting in the formation of the oxidized disulfide form, cystine. A modified version of the M. thermoacetica-CdS biohybrid system matches a TiO 2 light harvester loaded with MnPc co-catalysts for photooxidation and a CdS light harvester for photoreduction in a tandem Z-scheme design. 25 The choice of TiO 2 nanoparticles is crucial because they exhibit better water photooxidation ability and stability than CdS nanoparticles, and the loaded MnPc co-catalysts ensure the regeneration of the CySS/Cys redox shuttle by reducing CySS back into Cys (Figure 4E) . Comparatively, the M. thermoacetica-CdS and TiO 2 -MnPc tandem system produces a higher amount of acetic acid above the stoichiometric limit of Cys than the M. thermoacetica-CdS system ( Figure 4F ). The higher photosynthetic rate of the modified version of the biohybrid system may be attributed to the photoprotective role of TiO 2 .
Distributed Photosynthetic Biohybrid Systems Photovoltaic-driven water splitting provides a potential route for the production of hydrogen, which has potential to be a clean sustainable fuel. However, the major challenges of storage infrastructure for H 2 needs to be addressed before it becomes a viable option. 26 The advantages of photovoltaics could still be used and coupled with biohybrid systems for more efficient solar capture and CO 2 reduction into useful fuels and alcohols. Nocera and co-workers successfully developed a scalable bioelectrochemical system composed of cobalt phosphate (CoP i ) as a water-splitting anode and nickel molybdenum zinc (NiMoZn) or stainless steel (SS) as the cathode for generating the reducing equivalents, O 2 and H 2 , respectively ( Figure 5A ). 27 The selected CoP i undergoes water splitting at low overpotentials in buffers supporting biological growth, and when coupled with the hydrogen evolution reaction (HER) catalyst, hydrogen is evolved and consumed by the bacterium, Ralstonia eutropha to reduce CO 2 into isopropanol fuel with a high yield of 216 mg L À1 ( Figure 5B ), high selectivity, and a bioelectrochemical efficiency of 3.2% (biosynthetic leaf). The yield of isopropanol produced represents the highest values achieved for a bioelectrochemical system. However, the authors observed the generation of reactive oxygen species (ROS) arising from the oxidation of Ni with H 2 O 2 produced as by-product. This process results in the leaching of Ni, inhibiting microbial growth. To suppress the generation of ROS and solve the problem of Ni toxicity, Liu et al. 28 successfully addressed the incompatibility and solved the toxicity issues of the biohybrid system (Figure 5C ) by replacing the NiMoZn cathode with a ROS-resistant cobalt-phosphorus (Co-P) alloy cathode. As depicted in Figure 5D , the production of H 2 O 2 is inhibited during HER, and the Co-P alloy cathode is able to maintain a stable current during a 16-day test period ( Figure 5E ). The Co-P and CoP i electrodes preserve the water-splitting system from Co 2+ leaching and, when interfaced with R. eutropha bacterium, a CO 2 reduction efficiency of $10% for biomass, poly(3-hydroxubutyrate), and fusel alcohols such as isopropanol and isobutanol is achieved. These efficiency values far exceed the efficiency of chemical products achieved in natural photosynthetic systems.
The production of methane (CH 4 ), a major component of natural gas via artificial photosynthesis would hold great potential, taking into consideration that the fuel could be easily fed into existing structures for delivery. However, the conversion of CO 2 to CH 4 , especially with synthetic catalysts, is a daunting task because of the large overpotentials and poor selectivity of CH 4 /H 2 . Nichols et al. 19 successfully developed a biohybrid system comprising earth-abundant HER a-NiS electrocatalyst and Methanobactin barkeri, an aerobic bacterium for CO 2 conversion into CH 4 . Evaluation of the electrocatalytic properties of the a-NiS electrocatalyst shows better performances than other first-row transition HER catalysts. A high overall faradic efficiency (86%) was achieved for the reduction of CO 2 to CH 4 , coupled with a low overpotential (h = 360 mV) as well as a high yield of 110 mL over a 7-day test period. The high yield of CH 4 produced along with the efficiency of the biohybrid system further corroborates the sustainability of solar-driven production of simple fuels via CO 2 reduction.
In summary, significant progress has been achieved in reducing CO 2 and water into useful chemicals by mimicking the natural photosynthetic process. Because of the synergistic contributions of biological and chemical catalysts in nanomaterial-bacteria hybrids, solar energy conversion efficiencies exceeding that of natural photosynthesis have been achieved. Despite these advancements, some challenges still remain that need to be addressed to make artificial photosynthesis a definite solution to the world's energy and climate problems. Future research could be directed toward studying the viability of earth-abundant semiconductor catalysts and co-catalysts with a lower band gap to improve solar conversion efficiencies, as well as to gain an in-depth understanding of the charge-transfer mechanisms in biohybrid devices. Finally, high-performance synthetic co-catalysts with ease of synthesis at low or moderate cost would be highly beneficial in translating biohybrid devices into practical devices.
NANOWIRE BIOHYBRID ELECTRODES FOR ENERGY PRODUCTION
Besides chemical conversion, electricity energy production is also attracting great attention because of the ever-growing demand for energy in modern society. As an example, with the aim of finding useful applications for daily waste materials and developing diverse practical energy devices, microbial technologies have been applied in energy production. In this section, we review the progress on MFCs, a well-known biological-inorganic hybrid system for energy production. MFCs are considered as an alternative power source more environment friendly than fossil fuels and have drawn intense attention from many research groups.
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The advantages of MFCs include mild reaction conditions and the ability to produce sustainable power in a natural environment, making them easier to apply and operate than other kinds of fuel cells. In MFCs, bacteria serve as a catalyst to release electrons from organic matter (fuel source); then the electrons are transferred to inorganic conductive electrodes to generate current. Understanding how the electrons are transferred from bacteria to electrodes at the biological-inorganic interface is crucial to the further development of MFCs.
Mechanism for Electron Transfer from Bacteria to Electrodes
In general, there are four possible kinds of mechanisms for electron transfer from bacteria to electrodes. 33 First, the reduced metabolic products, such as hydrogen, ammonia, or alcohols, might be oxidized at the anode surface to transfer electrons to the electrodes. Second, some artificial mediators, such as thionine, benzylviologen, phenazines, etc., serving as electron shuttles, accept electrons inside the bacteria, exit the cell in the reduced form, and then move onto the electrode surface and transfer electrons to electrodes ( Figure 6A , left). Third, bacteria might produce their own mediators as electron shuttles to facilitate extracellular electron transfer. Fourth, bacteria attached on electrodes might directly transfer electrons to electrodes through the outer membrane ( Figure 6A , right).
To understand which mechanism is more reasonable for a specific MFC system, it is important to design experiments to probe the interface. Jiang et al. 34, 35 developed a general approach by using a rationally designed electrode configuration and simultaneous current recording and single-cell imaging, to identify whether the mechanism is direct electron transfer or mediated electron transfer. In their work, two kinds of electrode patterns are designed and fabricated. The conductive electrode is covered by an insulating layer with designed (1) array of nanoscale holes or (2) larger microscale exposed windows. Here, an array of nanoholes smaller in size than the bacteria precludes and a single window allows for direct microbe-electrode contacts. For the insulating layer with nanoscale holes, the cell body cannot attach the electrodes underneath, and only MFCs with a mediated electron-transfer mechanism can generate current in this case, whereas direct electron transfer is excluded. For larger microscale exposed windows, the cell body can directly attach the electrodes, and MFCs with either direct electron transfer or a mediated electrontransfer mechanism can work in this case. By combining in situ single-cell imaging and current recording, they can study whether there is a relationship between the number of cells attached on electrode and the current, to identify which mechanism is more reasonable. With this idea, Shewanella oneidensis MR-1 (MR-1) cells were studied as an example. SEM and atomic-force microscopy (AFM) images show that MR-1 cell bodies cannot attach the electrode by designed nanoholes ( Figures 6B and 6D) ; on the other hand, MR-1 cells are in intimate contact with the exposed electrode in the large window ( Figures 6C and 6E ). These two cases could produce steady-state current, and the measured currents are uncorrelated with the number of cells attached on the electrodes. The short-circuit current measurements (F) Long-term short-circuit current measurement on electrodes with nanoholes (red) and large window (blue); the green, purple, black, and cyan arrows indicate cell addition, lactate addition, flush by fresh medium, and supernatant addition, respectively.
Reprinted from Jiang et al. 34 show >70% decrease in current for both nanohole and window electrodes ranging from 38 to 40 hr ( Figure 6F ), which can be attributed to the depletion of electron donor (lactate) in the media. Injection of fresh medium with lactate electron donor into the chamber results in an immediate jump in current, which confirms the current is associated with bacterial metabolism. Taken together, these results indicate that electron transfer from MR-1 cell to electrode in this MFC is dominated by a mediated electron-transfer mechanism. Using the same strategy, Jiang et al. 35 reported the first single-cell level electrochemical studies of Geobacter sulfurreducens DL-1. Despite the same exposed metal area in the two types of electrodes (array of nanoscale holes versus large microscale window), current generation is only observed on the window electrode within the first 8 hr, suggesting the importance of G. sulfurreducens DL-1/electrode contact at the initial stage. Thus, G. sulfurreducens DL-1 in this MFC is associated with a direct electron-transfer mechanism.
Advanced Structures for MFCs
The MFC reactor consists of an anode, a cathode, and sometimes a membrane or separator between the electrodes. However, the low power density and efficiency of MFCs are major obstacles limiting their practical applications. The anode electrode material is crucial for the overall performance of MFC, and one promising route to solve this issue is to optimize the structure of the anode. Exciting progress has been made by constructing nanostructured electrodes with high surface area, especially NWs with a conductive path in the axial direction and nanosize in the radial direction, which could significantly enhance attachment and aligned growth of bacteria on NWs. Thus, NW-based electrodes show more efficiency and sustainability for MFCs than other structures such as nanospheres, nanopores, and carbon composites. 36-39 Cui's group described a carbon nanotube (CNT) sponge composite prepared by coating a sponge with CNTs to enhance the spatial orientation of the electrode material. 37 The as-fabricated electrodes have lower internal resistance, greater stability, more tunable and uniform macroporous structure (pores up to 1 mm in diameter), and improved mechanical properties and achieved a superior performance with an area power density of 1.24 W m À2 . They have demonstrated that these are the highest values obtained to date for MFCs fed domestic wastewater: 2.5 times the previously reported maximum areal power density and 12 times the previously reported maximum volumetric power density.
Chemical and physical modifications of anode surfaces have been used successfully to improve the performance of MFCs. Saito et al. 38 have discussed that the addition of nitrogen in MFC anodes could significantly increase the power densities of MFCs. Surface modifications of CNTs with metal oxides impart low contact resistance and high surface area, making them suitable for efficient electrode development. Kalathil et al. 39 Another effective way to improve the cycling stability and power density of MFCs is to synthesize anodes with NW morphologies. It is well known that NWs have excellent electrochemical performance because of their unique characteristics and have been widely applied for energy storage and conversion devices. [40] [41] [42] Zhao et al. 40 reported a conductive polyaniline NW network (PANI-NN) with 3D nanosized porous structures, and Shewanella loihica PV-4 was used as a model microbe. The microfibers were twisted and had smooth surfaces. After coating the bare graphite felt with PANI-NN, both micro-and nanosized pores were formed, indicating that PANI-NN and graphite microfibers produced hierarchical porous networks. The increased porosity and surface area led to colossal improvement in current and power densities, and an order of magnitude increase in power output was achieved. In their subsequent research, 41 they confirmed that the PANI-NN was able to modify the CP. Also, they found that the coating of anodes with PANI-NNs enabled substantial increases in the current and power densities (per anode geometric area) from MFCs. Analyses of the PANI-NN electrodes suggested that the large improvements were mostly ascribable to the extended surface areas of the nanostructured anodes, which could efficiently accept electrons from microbe-secreted electron mediators. Jia et al. 42 successfully synthesized a novel TiO 2 NW modified CP substrate used as bio-anode in MFCs inoculated with Shewanella loihica PV-4. Their work demonstrated that the surface of the carbon electrode modified with TiO 2 NWs can form a porous and cross-linked structure, which can greatly increase the specific surface area of the electrode and help to form a larger biofilm for improving bioelectricity generation. The TiO 2 NWs/CP electrode with more biofilm formed by the bacteria facilitated direct electron transfer and provided higher power density output. In conclusion, all the above results show that modification of the anodes is a favorable route to increase MFC efficiency, especially with NW modification, which provides a large number of porous structures, significantly increases the surface area, and greatly improves the electrochemical performance of the MFCs.
In summary, this versatile approach incorporating both biological and non-biological assembly strategies may provide greater flexibility for implementing advanced cell designs such as those with interdigitated microelectrodes; especially NWs will be widely exploited and used in bioenergy production systems.
SEMICONDUCTOR NANOWIRES WITH LIVING CELLS FOR ELECTROPHYSIOLOGY
Besides the above-mentioned chemical conversion and energy production, NW-biological interfaces also play a very important role in biological or biomedical research. [43] [44] [45] [46] [47] For example, nanoscale semiconductor wire-based FETs labeled with biomarkers have been widely reported for biomolecular detection.
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Non-cell-penetrating NW arrays with controllable affinity to cells have been developed for high-efficiency capture and separation of rare cells, [51] [52] [53] guidance of cell growth, [54] [55] [56] or biomechanical characterization. 57, 58 After penetrating the cell membrane, NWs can be used for gene and biomolecular delivery with minimal invasiveness. [59] [60] [61] [62] With non-penetrating or penetrating NWs, nanoelectronics have been used for optical or electrical stimulation and recording of living cells. 43, [63] [64] [65] [66] [67] [68] Among those applications, this section of the review focuses on the interfaces between NW-based nanoelectronics and living cells for direct recording of cellular electrophysiological signals, which is important for understanding numerous physiological processes, including nerve conduction, muscle contraction, hormone secretion, etc. [69] [70] [71] We introduce (1) the operation schematic of a semiconductor NW-based FET, (2) extracellular electrophysiological studies of cultured cells, tissues, and organs at the in vivo level with the use of on-chip and/or flexible nanoelectronics with planar NW structure, and (3) intracellular electrophysiological studies using 3D nanoprobes with advanced NW structure at the cellular and subcellular levels.
Semiconductor Nanowire Transistors as Building Blocks for Electrophysiological Signal Recording
The operation schematic of a semiconductor NW FET is shown in Figure 7A . As the fundamental building block for electrophysiological studies, the NW-based FET is a three-terminal structure with source, drain, and gate electrode. Source and drain electrodes are usually metal contacts, which are ohmic-contacted with NW. Current can flow along the semiconductor NW between the source and drain electrodes, which is known as the channel. A naturally grown or deposited oxide layer on the NW can act as the dielectric layer. Similar to a conventional metal-oxide-semiconductor field-effect transistor (MOS-FET), the conductance of the NW can be modulated by the voltage at the gate terminal. Taking doped Si NWs as an example, the electrostatic potential of the NW can be tuned by the gate voltage, which modulates the carrier concentration (holes for p-Si and free electrons for n-Si; Figure 7A , middle) and affects the conductance of the NW. P-type Si devices show a decrease in conductance with increasing gate voltage, and n-type devices display an increase ( Figure 7A , bottom). Because a small voltage change in the gate terminal can cause a large variation in the current from source to drain, NW-based FET can significantly magnify the gate signals. In a cellular electrophysiological recording system, the bioelectrical activities, such as action potential, which can simultaneously change the ion concentration and electrical potential both outside and inside the cell, can act as the voltage changes in the gate terminal, and be recorded by the NW-based FET device.
Extracellular Electrophysiological Study of Cultured Cells, Tissues, and Organs
In Vivo Traditionally, electrophysiological recording techniques can be separated into extracellular recording and intracellular recording. For extracellular recording, electrogenic cells, such as neurons or cardiomyocytes with action potentials or graded potentials, can constantly exchange ions with extracellular fluid. 70 The exchange of ions and propagating waves of ion movement can generate small changes in voltage within a small volume of tissue, which is defined as the local field potential (LFP), and this LFP can be detected by positioned microelectrode arrays or conventional FET transducers with microscale device dimensions. 71 Compared with those recording methods, NW-based FETs have substantial advantages in achieving nanoscale interfaces between recording transducers and biological systems. Together with signal amplification, NW-based FETs are able to achieve high-quality singleunit extracellular electrophysiological signal recording or large-scale multiplexed recording in complex cellular networks by NW-based FET arrays with high spatiotemporal resolution.
In this field, the Lieber group first applied Si NW FETs for extracellular recording from cultured mammalian neurons in 2006. 72 They grew Si NWs by chemical vapor deposition, fabricated the Si NW FETs on-chip, and passivated the device arrays for cell culture. As shown in Figure 7B , a cortical neuron was interfaced to four NW FETs and axon-crossed NW FET arrays with corresponding signal propagation recorded by NW FETs array, which shows the potential of multiplexed recording with single cellular/subcellular spatial resolution by NW FET arrays. In 2009, Lieber's group reported a flexible method to interface NW FETs with cells for extracellular recording. 73 As shown in Figure 7C , cardiomyocyte cells were cultured on thin polydimethylsiloxane and then contacted with three Si NW FETs. The large signal magnitude indicates that a large seal resistance exists between NW FETs and cardiomyocytes.
Besides on-chip FETs, Lieber's group recently developed a flexible free-standing macroporous nanoelectronic scaffold (nanoES) incorporated with NW FET arrays, which could be used for engineered tissue electrophysiological recording and stimulation. 63, 64 As shown in Figure 7D , individually addressable Si NW FETs were incorporated into SU-8, a biocompatible macroporous polymer structure on sacrificial layers by lithography. After etching the sacrificial layer, this free-standing macroporous nanoES was created and can be used for 3D culturing of specific types of cells, including neurons and cardiomyocytes. Figure 7Ei shows the nanoES folded into four layers and culture of cardiac cells. The blue circles show that NW FETs innervate the 3D cell network. The single spike in action potential recorded from 16 sensors from the top layer (Figure 7Eii ) and the 3D isochronal map of time latency through the sample (Figure 7Eiii ) indicate that the nanoES can achieve real-time 3D mapping and control of in vitro cardiomyocytes. This opens new paths for post-surgery heart monitoring and stimulation.
For further development of flexible nanoelectronic platforms and their extension to in vivo studies, in 2015, Liu et al. 79 developed a syringe injection strategy for flexible electronics, which includes (1) loading macroporous mesh electronics into a syringe needle, (2) inserting the needle into the brain, (3) injecting the mesh nanoelectronics and withdrawing the needle, and (4) interconnecting input and output. In addition to the syringe injection method, Xie et al. 74 reported another method for in vivo study by freezing ultra-flexible probes before the implantation process ( Figure 7F) . Figure 7G shows the micrograph of frozen ultra-flexible probes marked with NW FET at the end of the supporting arms. After implantation, the in vivo LFP can be recorded by NW FET from the barrel cortex area ( Figure 7H ).
Intracellular Electrophysiological Study at the Cellular and Subcellular Levels by Advanced Nanowire Structures
Compared with extracellular recording, intracellular recording could provide an entire dynamic range of transmembrane voltage changes, which could push understanding of fundamental biophysical behavior to the molecular level. Moreover, the subthreshold events from the recorded full action potential are also very important to understand neuronal circuits, although intracellular recording by puncturing the cell plasma membrane is more invasive to cells. In this research field, the patchclamp technique has been the most widely used for intracellular recording. 71, 80 The recording electrode in the micropipette can record intracellular signals when the cell cytosol and the exogenous solution in the pipette mix after the patch-clamp penetrates the cell membrane, but this technique still has some limitations for longterm and multiplexed recording. Recently developed micro-and nanoscale 3D metal electrode arrays with electroporation are able to achieve multiplexed intracellular recording. 81 Nevertheless, self-sealing of electroporation-generated pores and large impedance still limit the quality of the recorded signals, especially in amplitude.
Here, we introduce some recent advances in the development of nanoscale intracellular probes with active NW FET detection components. The small dimensions of these NW transistor probes, together with phospholipid functionalization, make it possible for stable and long-term recording of full-amplitude signals with minimal invasiveness. In 2010, Tian et al. 11 developed 3D kinked NW probes with a pointlike FET detector on the tip ( Figures 7I and 7Ji) , which is the first achievement of full-amplitude intracellular recording by NW FET ( Figure 7K ). After this pioneering work, Xu et al. 14, 75 and Zhao et al. 76 also developed W-shaped NW FET and U-shaped NW FET arrays (Figures 7Jii and 7Jiii ), which could be applied for multiplexed recording. In addition, Lieber's group also reported branched intracellular nanotube nano-transistor probes by using a branched SiO 2 nanotube on top of a nanoFET 64, 77 and an active nanotube transistor probe 78 for intercellular recording ( Figures 7L-7N ). The size of the tube could be reduced to sub-10-nm diameter (Figure 7Mii) , which opens up unique opportunities for future subcellular electrophysiological studies.
CONCLUSION
In this review, we focused on merging 1D nanomaterial building blocks with biological systems to generate nano-bio interfaces, which leads to applications in three major fields. (1) In the field of artificial photosynthesis, two general classes of PBSs were discussed. Type I is an integrated nano-bio system that directly transfers electrons from a nanoscale semiconductor light harvester to bacteria; type II is a distributed nano-bio system in which inorganic photocatalysts generate a molecular reducing equivalent such as H 2 , which can be subsequently consumed by bacteria to generate chemical products. We highlighted Si NWs integrated with Sporomusa ovata and a CdS-Moorella thermoacetica hybrid system as the breakthrough in type I photosynthetic hybrid systems. A hybrid system built from a novel H 2 evolution catalyst, Co-P alloy, and H 2 -oxidizing CO 2 reducing bacteria, R. eutropha, which demonstrated energy efficiency of $10%, was highlighted as the breakthrough in type II photosynthetic hybrid systems. (2) In the field of energy production, the development of MFCs was reviewed. We described the bioelectrochemical mechanisms of MFCs and the feasibility of this bioelectrochemical technology, which converts organic matter to electricity by using biosystems as catalysts. Among various nanoscale structures, NW-based electrodes (such as CNTs, conductive polyaniline NW networks, TiO 2 NWs, and so on) for MFCs show much higher efficiency and sustainability than other structures, such as nanospheres, nanopores, and carbon composites. (3) In the field of nano-bioelectronics, we introduced the basic concept and mechanism of a semiconductor NW-based FET biosensor, followed by a review of extracellular and intracellular electrophysiological studies from cells, tissues, and organs. We highlighted several unique NW device structures, such as 3D kinked NW probes with a point-like FET detector on the tip, branched intracellular nanotube nano-transistor probes using a branched SiO 2 nanotube on top of a nanoFET, and an active nanotube transistor probe for intercellular recordings.
On the basis of the development of inorganic-biological hybrid systems, we would like to emphasize some future directions that could lead to significant progress in the nano-bio interdisciplinary field. First, the current bottlenecks of PBSs are volumetric productivity and the production rate. The volumetric productivity is limited by the bulky nature of microorganisms. A high production rate would cause severe oxidative conditions, which would damage the biological system. To address these issues, optimizing the nano-bio interface using larger surface area electrodes and synthesizing high-density nanoscale inorganic materials from the bacteria might be considered. Second, MFCs are attractive as green energy, but have low energy and power densities. Design of highly conductive NW networks and further improvement of the contact between the bacteria and NW electrodes would increase the electron-transfer efficiency between biological system and inorganic electrodes. Third, NW transistor devices have been successfully demon- 
